The relationships between cytochrome oxidase blobs, ocular-dominance columns, and iso-orientation domains, subsystems underlying visual perception, were explored in primary visual cortex of macaque monkey. Highresolution maps of these three subsystems were acquired.
pinwheel-like structure surrounding a ingulaity point. More than 80% of these pinwheels were centered along the midline of ocular-dominance columns. The iso-orientation contours of adjacent pinwheels crossed borders of ocular-dominance columns at approximately right angles. Pinwheels with the same or opposite directions of orientation-preference change were smoothly connected with each other. On the average, all orientations were equally represented. In exactly the same cortical area, the cytochrome oxidase blobs, thought to be involved in color processing, were also mapped, using cytochrome oxidase histology. Like the centers of pinwheels, the centers of blobs also lie along the midline of ocular-dominsnce columns. However, the centers of pinwheels did not coincide with the centers of blobs; these two subsystems are spatially independent. "Hypercolumn" modules, each including two complete pinwheels in two adjacent columns of complementary ocularity, as well as portions of a few blobs, were frequently found but did not seem to be the primary unit of cortical organization. An alternative to hypercolumns is proposed.
Mountcastle (1) in the cat somatosensory cortex and Hubel and Wiesel (2) (3) (4) in the cat and monkey visual cortices have found that cortical cells with similar response properties are frequently clustered together, forming columns (modules) that often traverse the entire cortical depth, from the pia to the white matter. However, the exact organization of different functional modules parallel to the cortical surface still remains an unresolved question for all areas of the mammalian cortex. In macaque monkey primary visual cortex, elaborate synaptic connections endow cortical cells with remarkably selective response properties. Single cells can respond selectively to various types of visual stimuli-e.g., edges or lines of a given orientation, particular colors, specific directions of motion and ocular disparity. Over the last three decades, a functional segregation has been demonstrated for three types of visual-response properties in monkey primary visual cortex. (i) The first, and best understood, is the segregation of inputs from the right and the left eye. These segregated inputs form the ocular-dominance columns, which run nearly parallel to one another in slabs that are 400 g.m wide (5) 
(ii) A second system of segregated neurons is referred to as the iso-orientation domains (or orientation-preference bands), each domain containing cells that respond best to a given stimulus orientation (6) . (iii) The third subsystem contains neurons that are thought to be selective for other attributes of the visual stimulus, such as color (7, 8) and spatial frequency (9) . These cells are located in the cytochrome oxidase blobs (7) (8) (9) (10) . Hubel and Wiesel (4) and Livingstone and Hubel (7) have proposed a schematic "ice-cube" model for describing the functional architecture of the repeating "hypercolumns" that contain these three subsystems. However, the exact layout and the relationships between blobs, iso-orientation domains, and ocular-dominance columns have never been determined.
Previous work (1-10) has relied on electrophysiological, anatomical, and histological techniques to reveal the organization of each type of subsystem. Optical imaging (11) (12) (13) (14) based on voltage-sensitive dyes (15) (16) (17) (18) (19) (20) is a particularly attractive technique for exploring these relations. Blasdel and Salama (21) used voltage-dyes and provided a striking demonstration of the usefulness of optical imaging to study functional architecture in the primate visual cortex. Although they stated that dyes must be used, we have developed an alternative optical-imaging approach (22) (23) (24) , based on activity-dependent, intrinsic optical changes (23, (25) (26) (27) , without dyes, to study the functional architecture of visual cortex in anesthetized (24) and awake (28) monkeys. The method has also been used to study the pinwheel-like organization of orientation preference in cat visual cortex (29) .
This report establishes the relationships between blobs, pinwheels, and ocular-dominance columns. The architecture reported here, for the upper cortical layers, differs from all other proposed models (4, 7, 21, 30) and sheds light on the issue of hypercolumns in the primary visual cortex (5).
MATERIALS AND METHODS Animals. Monkeys (Macaca fascicularis) were initially anesthetized with ketamine (10 mg/kg, i.m.), followed by sodium pentothal anesthesia (1-3 mg/kg per hr, administered i.v. and supplemented as needed). To monitor the state ofthe anesthetized monkeys, the electroencephalogram, electrocardiogram, temperature, and expired CO2 were observed throughout the experiment. To prevent eye movements, the animals were paralyzed with vercuronium bromide (0.2 mg/kg per hr) and artificially respirated.
Imaging Procedure. To minimize pulsation, a sealed, stainless steel chamber was mounted over the exposed cortex. A slow scan charge-coupled device camera (24) was mounted above the optical chamber. The cortical image was projected on this camera using a tandem lens arrangement, which provides high light-collection capability and shallow depth of focus. Thus, by focusing 300 pum below the cortical surface, artifacts from surface blood vessels were largely eliminated 11905
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In a "discrete-angle" map (Fig. 1C) indeed, changes smoothly and continuously across the cortex, except at a few points of singularity (Fig. ID) . This map is similar to maps obtained by Blasdel and Salama (21) .
Inspection of >30 angle maps of the type shown in Fig. 1  C and D , obtained from 20 monkeys, indicated that the most prominent feature ofiso-orientation domains was their radial, pinwheel-like organization (32) . An enlarged image of a typical pinwheel (Fig. 1E) was obtained by magnifying a portion of the same angle map. It is clear that the isoorientation domains are ordered radially around a point of singularity and that each orientation is represented just once. To show the gradual change in orientation preference, the same pinwheel (Fig. 1E) is also depicted using a continuouscolor scale. Fig. iF shows that, in a pinwheel, the orientation preference of cortical neurons changes smoothly in a radial manner around the point of singularity. Fig. 1 D-F (and previous results) suggest that the term iso-orientation slabs (bands) should probably be revised because discrete isoorientation bands were not revealed even by fine electrical recordings (3, 4, 7, 21, 29) .
Angle-magnitude maps show both the preferred angle, color-coded as before, and the magnitude of the response. The magnitude of the resultant vector (21, 24, 30) is represented here by the brightness of the color. Inspection of >30 angle-magnitude maps revealed that the magnitudes of the resultant vectors are small at the centers of pinwheels; this leads to a general darkening of the colors as the pinwheel center is approached, and a dark halo appears surrounding the singularity point (Fig. 1G) . Inspection of the eight isoorientation maps from the various stimulus orientations showed that the responses of a cell population in the vicinity of the pinwheel center were all large. To examine whether this result reflected a significant reduction of orientation tuning of single cells or was a property of a heterogeneous population, we explored the electrical response properties of single cells. Three to five unit recordings were obtained at seven singularity points, previously mapped by optical imaging in vivo. In >75% of such recordings, we found that the c}s at or near the singularity point (within 50 ,um) were sharply tuned. Thus, the darkening near the singularity point may originate from a mixture of cells with different orientation preferences in this small region.
Rdationships Between Pinwheels and OcularColumns. We next evaluated the ocular-dominance map in the same patch of visual cortex (21, 24) . The resulting map ( Fig. 2A) shows dark and light parallel bands. These bands correspond to the right eye and left eye ocular-dominance columns, respectively. To show their relationship to the pinwheels, we first drew thin lines on the map, along the borders of ocular-dominance columns. The border regions are cortical locations at which neurons respond equally to stimulation of either eye. These borders were determined by computer analysis of the digital data and were then superimposed on the map oforientation preference (Fig. 2B) . From this superposition, a relationship between these two functional domains became apparent: most pinwheels were nearly centered on one of the ocular-dominance columns. In maps obtained from three animals and which included 141 pinwheel centers, 81% were located along the midline of an oculardominance column (the midline was taken as a tenth of the column width). Most remaining pinwheel centers were located close to ocular-dominance borders, as one might expect (see Discussion).
A second relationship revealed here was that the isoorientation contours tend to cross borders of oculardominance columns at right angles. Even in regions where ocular-dominance columns are highly curved, the principle of orthogonal crossing is maintained (see Fig. 2 C and D) . Hubel and Wiesel (3) had Predicted that iso-orientation bands would Neurobiology: Bartfeld and Grinvald 11908 Neurobiology: Bartfeld and Grinvald be orthogonal to borders of ocular-dominance columns, but this was not demonstrated in subsequent studies (6, 21) . Our optical imaging has confirmed this early prediction. To quantify these observations, we have analyzed the distribution of angles at which the iso-orientation contours cross borders of ocular-dominance columns. We found that 76% of the crossing angles were between 750 and 900 (Fig. 2E) .
Another long-standing question has been whether all isoorientation domains are equally represented in the cortex. We found that, on average, all orientations were, in fact, equally represented (Fig. 2F) .
Relationship Between Pinwheels and Blobs. It was also of interest to determine how the third subsystem of cells, residing in blobs (Fig. 3A) , is related to the first two subsystems. One possibility, proposed by Gotz (33) , is that the blobs are positioned exactly at the pinwheel centers. However, when locations of the blobs revealed by post-mortem cytochrome oxidase histology (Fig. 3A) were compared (see Materials and Methods) with locations of the pinwheel centers in exactly the same cortical patch, the pinwheel centers usually did not coincide with centers of blobs (Fig. 3  B and C) . Upon careful inspection of three maps from two monkeys, only 17% of the 64 pinwheel centers were found jAm.) There are several ways to delineate borders of fundamental modules. The smooth change, in ocular dominance and in orientation preference across the upper layers of cortex (4, 7, 29) , is a good example of the strategy nature has chosen; the transition between neuronal clusters exhibiting different response properties is smooth and borders are fuzzy. Therefore, our criterion for delineating borders was that the response properties of cells on either side of any border would be similar. Thus adjacent fundamental modules are continuous with one another, theirfuzzy boundaries appear artificial, and these boundaries can be arbitrarily shifted along two axes, parallel to the cortical surface, by jumps of -0. inside of blobs. Most pinwheel centers (83%) were found in interblob regions or close to the borders of blobs.
The angle maps apparently show that continuous changes in orientation preference across the cortical surface (i.e., the pinwheels) were, by and large, not perturbed by the blobs. However, these angle-maps do not provide any information about orientation-tuning strength. To clarify whether the locations of the blobs coincided with cortical regions having poor (7, 8) or sharp orientation tuning, the orientation tuning in blobs and interblob regions was determined directly from the optical data. The histogram of Fig. 3E shows (32) (33) (34) (35) . The pinwheels seen here are smoothly connected to each other across the borders of oculardominance columns. Connected pinwheels frequently had opposite directions of orientation-preference changes-i.e., clockwise versus counterclockwise (33) (see, for example, the two pairs of pinwheels at the top of Fig. 2C ). However, we could not find a consistent rule for the pairing of neighboring pinwheels. In some cases, we observed spurious singularity points next to ocular-dominance borders (e.g., Fig. 2B (Fig. 3B) , focusing on two adjacent fundamental modules, is depicted in Fig. 3C . However, at present we could not define a fundamental module in a way that would result in a regular mosaic of repeating units as defined above.
Several of the findings and interpretations described here differ in important respects from those of Blasdel (30) . Their model is not consistent with the existence of a single pinwheel, because the stacks of parallel iso-orientation slabs cover the complete orientation-preference range along one axis rather than radially (30) . In addition, Blasdel and Salama (21) (38, 39) .
